ABSTRACT In millimeter-wave (mmWave)-based massive multiple-input-multiple-output (MIMO) systems, hybrid precoding is considered one of the indispensable techniques in the next generation wireless communication systems (5G) to reduce the number of radio-frequency (RF) chains. However, the existing hybrid precoding techniques often cause performance loss. To solve this problem, the switch and inverter (SI)-based hybrid precoding architecture has been proposed recently as an energy-efficient solution for these challenges. In this paper, a detailed performance analysis on sum-rate as well as energy-efficiency is provided through simulation on the two-stage hybrid precoding, antenna selection (AS)-based hybrid precoding, and adaptive cross-entropy (ACE)-based hybrid precoding. It is aimed to prove that the performance of the ACEbased scheme is much superior to that of the others with the limited ranges of values of all parameters. At last, the suitable parameters are determined and we prove that they can lead to the optimal performance.
I. INTRODUCTION
In last few years, the rapid development of traffic requirement in next-generation wireless communication systems (5G) requires lots of bandwidths, high-density equipment and a large number of antennas [1] . Millimeter-wave (mmWave) based massive multiple-input multiple-output (MIMO) technology has been considered in 5G to improve the sum-rate and energy-efficiency [2] . Hybrid analog precoding, hybrid digital precoding and combined strategies [3] - [5] are effective techniques to improve the cost-efficiency in mmWave massive MIMO systems. The typical architectures of hybrid precoding, which is the finite-resolution phase shifters (PS)-based hybrid precoding architecture [6] . However, it requires large number of radio frequency (RF) chains and a great
The associate editor coordinating the review of this manuscript and approving it for publication was Yue Cao. deal of phase shifters at link ends. So, it suffers from high cost of hardware and consumption of energy [5] . For this architecture, the conventional two-stage hybrid precoding scheme is designed with 4-bit finite-resolution phase shifters. Fortunately, the switches (SW)-based hybrid precoding architecture [7] has been proposed. Instead of phase shifters, the SW-based architecture employs switches to bring down cost of hardware and consumption of energy, significantly. For this architecture, the typical antenna selection (AS)-based hybrid precoding scheme has been proposed [8] - [11] . The AS-based scheme cuts down greatly complexities of computation and hardware in massive MIMO architectures. So, the hardware cost and energy consumption reduce a lot. However, system performance is obviously loss.
In order to solve the problems, a switch and inverter (SI)-based architecture has been proposed for massive MIMO systems [12] . In the SI-based architecture, the analog part is equipped with a small amount of energy-saving switches and inverters rather than the phase shifters. Hence, it can cut down cost of hardware and consumption energy with staying relatively stable performance. In addition, the traditional cross-entropy (CE) algorithm is based on probabilistic model. The aim of the CE algorithm is dealing with the problem of combining switches and inverters through iteration. The CE algorithm selects optimal hybrid precoders S elite as ''elite'' according to the objective value of each hybrid precoder.
There are some problems with the CE algorithm, regardless of being frequently used in machine learning. For example, the CE algorithm treats the contributions of all elites as the same and that is unreasonable obviously. So, the adaptive cross-entropy (ACE)-based hybrid precoding scheme, an improvement of the CE algorithm, has been developed for the SI-based architecture [12] . The ACE algorithm can adaptively measure the weights of the elites based on their values in order to achieve better performance.
In this paper, our main work is to provide comprehensive analysis on ACE-based hybrid precoding scheme in terms of both sum-rate and energy-efficiency. Different from most of the existing works, this paper analyzes the performance with the number of user K , the number of antennas N and the ratio of S and S elite . Then, the limited ranges of parameters values are discussed and the optimal value of all parameters are suggested. Computer simulations are given to confirm the ACE-based hybrid precoding scheme in several scenarios.
Notations: (·) T , (·) H and (·) −1 denote the transpose, conjugate transpose and inversion, respectively; |·| denotes the absolute operator; · F denotes the Frobenius norm of a matrix; E (·) denotes the expectation; I K is the K ×K identity matrix. Lower-and upper-case boldface letters denote vectors and matrices, respectively.
II. SYSTEM MODEL
First of all, mmWave based massive MIMO channel model is introduced. Then we briefly review PS-based architecture, SW-based architecture and SI-based architecture, respectively. A typical mmWave massive MIMO system with hybrid precoding is considered. It is assumed that the base station is consistent with N antennas and N RF RF chains, which serve K active users. Besides, each user is equipped with a single antenna [13] , [14] . The number of RF is set as N RF = K [6] , in order to achieve the multiplexing gains. The received signal vector y = [y 1 , y 2 , . . . y K ] T for users in this system [15] - [17] can be expressed as
where H of size N × K is a channel matrix with h k , which is a N × 1 channel vector between base station and the user k. Besides, F RF ∈ C N ×N RF is the analog precoder (beamformer) and F BB ∈ C N RF ×K meeting the power constraint as
F is the baseband digital precoder, where P stands for total power consumed to transmit signals. Additionally, x denotes the transmission signal vector between the base station and K active users, as is assumed that E xx H = I K . At last, n is an additive white Gaussian noise (AWGN) vector and each variable satisfies independent and identical distributions (i.i.d) CN(0, σ 2 , where σ 2 presents the noise power. n k is the noise received by k-th user.
Considering the characteristic of mmWave, the channel model [5] is described as
where L K presents the number of path for the K users. α k is elevation angle of departure of the path l for kth user [18] . In addition that a (ϕ, θ) of size N ×1 presents the response vector of base station antenna array. For the uniform planar array (UPA) with N elements, a (ϕ, θ) with ϕ and θ is expressed as [4] 
, . . . ,
where N 1 × N 2 = N , for UPA with N 1 elements on horizon and N 2 elements on vertical, respectively. Besides, d is the antenna spacing and λ denotes the signal wavelength. According to the their connections, d = λ 2 is considered [19] . A fully connected architecture, the PS-based architecture is shown in Fig. 1 (a) [20] , [21] . In this architecture, each RF chain is in connection with all base station antennas with a complicated phase shifter network. The PS-based architecture could acquire the near excellent performance because of its high design freedom [6] . However, for consistent of a quantity of finite-phase shifters (NN RF ) [12] , it suffers from high energy consumption [19] as
where P RF denotes energy consumption of RF chains, as P PS and P BB present energy consumption of finite-resolution phase shifters and baseband, respectively. The SW-based architecture as shown in Fig. 1 (b) . In this architecture, each RF chain is just in connection with one base station antenna. The architecture employs a small amount (N RF ) of energy-efficient switches. It can solve the problem mentioned above because the gap of consumption energy between switches and phase shifters is great and later is much higher. The energy consumption of it is expressed as follow, where P SW presents energy consumption of switches. However, only N RF other than N antennas serve simultaneously so that this architecture is not capable to acquire the completely array gains. So it lead to large performance loss.
III. ACE-BASED HYBRID PRECODING SCHEME
From Fig. 2 , the SI-based architecture is an architecture in the way of sub connection [22] , [23] . In this architecture, each RF chain is in connection with a subset of base station antennas with one inverter and M (M = N N RF ) switches [22] , [24] . Instead of N , the size of subset of base station antennas is M .
Hence, the energy consumption is expressed as
where P IN and P SW denote the energy consumption of inverter and switch, respectively. Moreover, the energy consumption of inverter that can be realized by digital chip is similar to that of switch (P IN = P SW ) [25] . Compared with the two typical architectures, the SI-based architecture is a compromise solution that can solve the problem. For all N antennas being included, this architecture can fully acquire the array gains. Consequently, the lower consumption of energy of it than that of the PS-based architecture is an advantage.
It is worth to point out that there are two hardware constraints in the SI-based architecture. The first one is analog precoder F RF which is a block diagonal as
where f n is denotes the analog precoder size of M × 1 on the n-th sub-array of antenna. Because the SI-based architecture only employs inverters and switches, the second hardware constraint is that the N elements (all nonzero elements) belonging to the F RF are keeping with
The target scheme, ACE-based hybrid precoding, is discussed for the SI-based architecture with inverters and switches. To reduce the complexity of CE-based scheme, the target scheme is considered as an improvement of CEbased scheme. In the target scheme, the aim of ACE algorithm is to get the maximum value of the sum-rate R by designing the F RF and the F BB . It is can be presented as
where U denotes the group of all F RF meeting the two hardware constraints as shown in (11) and (12) . In addition, according to work [26] , the sum-rate R is obtained as
where R k is the sum-rate of kth user as
where γ k denotes the signal-to-interference-plus-noise ratio (SINR) of the user k as RF and digital precoder F [1] BB .
where f BB k presents the kth column of F BB . The algorithm of the target scheme is described in Algorithm 1.
The algorithm described in Algorithm 1 can be explained as follows.
Firstly, in the ACE-based scheme, we need to set the nonzero elements of F RF as an N × 1 vector as follow.
Next, we set the probability parameter p as an N × 1 vector as
where ℘ n denotes the probability that f n = 1 √ N and f n is the nth elements of f. When the number of iterations i = 0, the probability parameter
, where 1 is a vector with all-one elements. Moreover, all the f n (1 ≤ n≤ N ) are presumed to belong to the set of 1 √ N {−1, +1} with the same probability, for the reason that there is no priori information available.
Step 1, during the ith iteration, we generate S candidate analog precoders randomly according to ℘ (i) and then reshape them as matrices U in Algorithm 1.
Step 2, we compute the corresponding digital precoders F s BB according to the effective channel H.
According to the ZF digital precoder, the F s BB can be calculated as
where β s presents power normalized factor. 
In the next step, we update ℘ (i) based on w s and F
where f
[s] n presents the nth element of f [s] . In addition, f n . Then, the first derivative of ℘ (i+1) can be presented as follow.
Set (27) (27) After that, the steps 1 to 8 will be repeated until i = I . Finally, the analog precoder F [1] RF and the digital precoder F [1] BB are acquired.
Furthermore, The traditional ZF digital precoder is adopted to be the digital precoder in the target scheme, as its the lower complexity and the better performance [27] . That is the reason for being compared with the fully digital ZF precoding. For each RF chain being connected with one antenna directly in the fully digital ZF precoding, the consumption of energy of this scheme can be presented by
Because the energy consumption of RF chain (P RF = 0.3W) [22] is much higher than that of phase shifter (P PS = 0.04) [25] , switch and inverter (P SW = P IN = 0.005) [25] , the fully digital ZF precoding may suffer from the highest energy consumption. This assumption is proved later.
IV. SIMULATION RESULTS
In this paper, several ways of performance analysis that different from [12] will be discussed. Furthermore, the simulation results are on the performance of sum-rate as well as energyefficiency. Additionally, they are carried on to analyze the performance of the target scheme by comparing to the twostage scheme, the AS-based scheme and the fully digital ZF precoding. According to [22] , [25] , the energy efficiency η is defined as follow.
where P X denotes the consumption of energy P X of X-based architecture.
For k-th user, the channel matrix is generated according to the channel model, and the simulation parameters being describe as TABLE 1.
A. SYSTEM PERFORMANCE WITH VARYING NUMBER OF THE USERS K
At first, the sum-rate and performance of the four schemes, which are fully digital ZF precoding scheme, two-stage hybrid precoding scheme, AS-based hybrid precoding scheme and ACE-based hybrid precoding scheme, are compared in this part. The simulation results are shown as Fig.4 3. Fig. 3 (a) and (b) respectively compare the achievable sumrate and energy efficiency in the mmWave massive system, with the number of elite S elite = 40 and the number of antennas N = 36.
In detail, Fig. 3 (a) illustrates the sum-rate comparison with N = 36 and N RF = K . Meanwhile, K changes from 1 to 36. As shown in the figure, the sum-rate of the target scheme is higher than that of the AS-based scheme, while lower than that of the two-stage scheme. Obviously, it results from the difference of the PS-based architecture, SW-based architecture and SI-based architecture. From the Fig. 1 and Fig. 2 , as K is fixed, each user is in connection with N base station antennas in the two-stage scheme, while just one base station antenna in the AS-based scheme and M 1 M N base station antennas in the targeted scheme. However, the size of a subset of base station antennas M = 1 as K 36. In this case, from the Fig. 1(b) and Fig. 2 , it can be seen that the SW-based architecture is extremely similar to the SI-based architecture. When K is larger than 18, sum-rate of the target scheme is almost equal to that of the AS-based scheme. It is due to that Fig. 3 (b) depicts the energy efficiency comparisons with the same parameters to Fig. 3(a) . From the figure, it is observed that the energy-efficiency of the target scheme is the highest, especially when K is small (i.e.K ≤ 12). As K gets larger, it hardly makes difference on the energy efficiency between the target scheme and the ASbased scheme. This is due to that when K is large enough, as show in (13) and (14), the energy consumption P ps is almost equal to P si and there is almost no performance gap in the sum-rate between the two schemes as shown in Fig. 3(a) . Furthermore, when K is larger than 12, the energy-efficiency of the fully digital ZF precoding is even higher than that of the target scheme. It indicates that the target scheme is effective when K is in a certain range, which is from 1 to 12. This is because as K grows, the number of phase shifters (NN RF ) in the PS-architecture increases so fast that the energy consumption of phase shifters even huge than RF chains. Especially, from Fig. 3(b) it is obvious that when K = 2 the target scheme has the best performance on the energy efficiency.
B. SYSTEM PERFORMANCE WITH VARYING NUMBER OF THE ANTENNAS N
The simulations results of the system performance on the parameter N are illustrated as in the following figures. Parameters in this subsections are similarly considered, except that N changes from 1 to 80. Besides, in Fig. 4 (a) K = 2, while K = 4 in Fig. 4 (b) . In detail, Fig. 4 (a) and (b) show the energy efficiency comparisons the four schemes, with K = 2 and 4 respectively. From the two figures, it can be found out that the highest energy-efficiency can always be achieved by the SI-based target scheme. Especially, Fig. 4 (b) shows that as N grows, the energy-efficiency of the target scheme gets higher until N = 64, while Fig. 4 (a) shows that it can keep stable with a smaller number of antennas, i.e.N = 36. This means that N = 36 is enough as the number of the antennas, instead of N = 64. The discovery is also able to verify the parameters used in the simulations in 4.1. is reasonable. Furthermore, it indicates that when K = 2, the target scheme can acquire the best performance on energy efficiency as well, which has been found out from Fig. 3(a) and Fig. 3(b) , which is different from [12] ]
C. SYSTEM PERFORMANCE WITH VARYING RATIO OF THE NUMBER OF CANDIDATES AND ELITES
In this part, ρ is defined as the ratio of number of candidates (S) and the ratio of number of elites (S elite ) respectively. The simulation results are provided on the performance comparisons versus varying parameter ρ with different schemes. For simulations, N = 36, K = 2 and 4 for Fig. 5 (a) and (b), respectively. Meanwhile, ρ varies from 0.1 to 0.9. As shown in Fig. 5 (a) , when ρ varies in a certain range (i.e. 0.1 ≤ρ≤ 0.6), there is no obvious changes about the energyefficiency of the AS-based scheme. Although it decreases when ρ increases over 0.6 the performance change is still very small and the energy-efficiency is always higher than those of the other schemes. While in Fig. 5 (b) , increasing ρ leads to obvious performance loss, when ρ> 0.3. Compared to the simulation result in Fig. 5 (a) , it is interesting to observe that the energy-efficiency of the target scheme with K = 2 is more stable than that with K = 4. In addition, when ρ> 0.7, energy-efficiency of the AS-based scheme even exceeds that of the target scheme as is shown in Fig. 5 (b) . In summary, the target scheme with K = 2 is the best choice.
V. CONCLUDING REMARKS
In this paper, the performance of ACE-based scheme of hybrid precoding with the SI-based architecture for mmwave massive MIMO systems is analyzed. The two-stage scheme with the PS-based architecture and AS-based scheme with the SW-based architecture are considered. The performance analysis indicates that the ACE-based scheme can achieve a better performance than the other schemes, only with various parameters within a limited range. For example, when K is between 1 and 12, the ACE-based scheme can achieve the highest energy-efficiency among four schemes, and K = 2 is the best. Furthermore, when N is small, increasing N will bring about improvement in the energy-efficiency. Besides, the energy-efficiency can converge with N = 36 when K = 2. In addition, any value of 0.1 to 0.6 can be selected as the value of ρ]. Only in this condition, the ACE-based scheme of hybrid precoding with the SI-based architecture for mmwave massive MIMO systems can achieve a considerable performance. Recently, deep learning has been considered one of potential applications in intelligent 5G wireless communications [28] - [36] . In future work, we plan to develop deep learning based hybrid precoding techniques for mmwave massive MIMO system.
